The relationship between the ontogeny of the vesicular glutamate uptake system and synaptogenesis in rats was investigated. For this purpose we have developed a simplified procedure for the preparation of crude synaptic vesicles which are sufficiently pure to demonstrate a highly ATP-dependent glutamate uptake. ATP-dependent glutamate uptake into synaptic vesicles was found to increase dramatically starting on postnatal day 10 and reaching a maximum on day 30 (76+_40 and 657_+40 pmol/mg protein/10 min, respectively), correlating well with the active period of synaptogenesis. Stimulation of uptake by chloride also developed in parallel with the vesicular glutamate uptake. In contrast, combined non-ATPdependent uptake and non-specific binding remained constant (21 + 6 pmol/mg protein/10 min). This development of vesicular glutamate uptake during the period of synaptogenesis supports the notion that synaptic vesicles play an important role in glutamale synaptic transmission.
A variety of evidence now strongly supports the notion that glutamate serves as an excitatory neurotransmitter in the central nervous system [4, 18] . Added to this growing body of evidence is the recent demonstration and detailed characterization of the ATP-dependent uptake of glutamate into synaptic vesicle preparations [9, 13, 14] . Translocation of glutamate into the synaptic vesicle interior has been found to require a Mg 2÷-dependent proton-pumping ATPase located in the vesicle membrane. This ATP-dependent vesicular uptake system exhibits low affinity (K,n 2.2 2.8 mM, in this preparation, data not shown), yet is highly specific for glutamate and markedly stimulated by low millimolar concentrations of chloride. It has been proposed that this glutamate-specific vesicular uptake system plays an important role in determining the neurotransmitter role of glutamate [23] . Nicholls and Sihra [16] have provided evidence that glutamate is released from a non-cytoplasmic pool in a calcium-dependent manner. This is compatible with the notion that synaptic vesicles are involved in the release of glutamate. We have recently obtained evidence that the ATP-dependent glutamate uptake system is present in cerebellar granule cells [6] . which are considered to be glutamatergic, but not in GABAergic Purkinje cells. In an effort to provide further supporting evidence for the role of synaptic vesicles in glutamate transmission, we have investigated the ontogeny of the chloride-stimulated, ATP-dependent glutamate uptake system and compared it with the developmental time course of synaptogenesis. A preliminary account of this work has been reported previously [8] .
Synaptic vesicles were prepared from rat cerebrum by the method of Kish and Ueda [9] at 4°C. Pooled cerebra (approximately 1 g) were homogenized in 10 volumes of solution A (0.32 M sucrose, 0.5 mM calcium-acetate, 1 mM magnesium-acetate, 1 mM NaHCO3), and the homogenate was centrifuged at 12,100 gmax for 20 min. The pellet was suspended with a Teflon rod in 20 volumes of ice-cold lysing solution (6 mM Tris-maleate, pH 8.1) for 45 min and centrifuged for 15 min at 43,000 gm~. The resulting supernatant was centrifuged at 200,000 gmax for 60 min. The pelleted rat crude vesicles (RCSV) were resuspended in solution B (0.32 M sucrose, 1 mM NaHCO3, 1 mM dithiothreitol). Protein was determined by the method of Lowry et al. [12] with bovine serum albumin as the standard.
Glutamate uptake was assayed essentially as described by Naito and Ueda [14] , except that 2 mM potassium aspartate was included in all the assay mixtures and the incubation time was extended to 10 min. Steady-state levels for glutamate uptake are attained by this time [9] . The standard sucrose-based uptake medium (final volume, 100/A) contained 0,25 M sucrose, 4 mM MgSO4, 4 mM KCI, 5 mM Trismaleate (pH 7.4) and synaptic vesicles. After synaptic vesicles in the uptake medium (80/zl) were incubated for 2 min at 30°C, a pre-mixed solution of 3H-amino acid (final concentration, 50 ~tM; 0.4 Ci/mmol) and ATP (final concentration, 2 mM; neutralized with Tris base) was added (20/A), and the entire mixture was further incubated for 10 min at 30°C. Amino acid uptake was stopped by the addition of ice-cold 0.15 M KC1 and immediate filtration and washing through Millipore HAWP (25 mm, 0.45/~m) filter. The radioactivity retained on the filters was determined using a liquid scintillation spectrophotometer. The synaptic vesicle glutamate translocator has been shown to be very selective for L-glutamate [9, 14] , whereas the plasma membrane reuptake system [2, 11, 24] and receptor binding [5, 7] recognize the amino acid Laspartate as well. We have found that the addition of high concentrations of L-aspartate (e.g. 2 mM) to the incubation solutions selectively blocks non-vesicular uptake and binding sites; this enables the assaying of ATP-dependent vesicular glutamate uptake in less purified vesicle preparations [9] .
The activity of the vesicular Mg-ATPase was measured in the glutamate uptake assay buffer, by quantifying the release of orthophosphate from [~32p]ATP according to the method of Nelson [15] . Fig. 1 shows the ATP-dependent glutamate uptake activity as a function of protein in the crude synaptic vesicle fractions from the cerebra of postnatal 10-and 60-dayold rats. The ATP-dependent uptake activity, either in the absence or presence of chloride, was proportional to the amount of protein between 40 and 80/~g for the vesicle fractions prepared from either group. From these results a protein concentration of 50/zg was selected for all further experiments. Cortical synaptic vesicles (10 50/tg protein) were incubated at 30'C for 10 min, in the presence or absence of Tris-ATP (2 mM) and polassium chloride (4 mM), using the standard assay medium with 50/zM tritiated glutamate. Rat crude synaptic vesicles were prepared from 10-day-old rats (A) and 60-day-old rats (B). The data represent the mean and S.D. of triplicate determinations. In a, we have fitted those data obtained with 40, 60 and 80 mg protein through the origin. The uptake activities observed at 10 and 20 mg protein from 10-day-old rats are too low to provide meaningful interpretation. The background filter binding gave 1.5 2.0 pmol, which had been subtracted from all data. Fig. 2 shows that the chloride-stimulated, ATP-dependent glutamate uptake system increases markedly (about 9-fold) during the period between postnatal day 10 and day 30 (from 76_+40 to 657_+40 pmol/10 min/mg). This developmental time course for the ATP-dependent glutamate uptake system correlates well with the time course of synaptogenesis in the rat brain, which was determined based on morphological criteria [1, 3] . Since the ATP-dependency and chloride stimulation are characteristic of glutamate transport in the synaptic vesicle membrane, these data suggest that those synaptic vesicles which actively accumulate glutamate develop in parallel with general synaptogenesis, and therefore play an important role in synaptic function.
The marked development of the ATP-dependent glutamate uptake system could represent an increase in the Mg-dependent proton-pump ATPase or the glutamate translocator, or both, since any increase in ATPase activity could greatly potentiate glutamate transport. In order to distinguish between these possibilities, the MgATPase activity was measured as a function of age. Fig. 3 shows that the Mg-ATPase activity is increased only 2-fold between day 10 and day 20 or 30, which is in contrast to the much larger increase in activity for the ATP-dependent glutamate uptake between days 10 and 30. These results suggest that increases in vesicular glutamate translocator quantity, rather than increases in the Mg-ATPase, would largely account for the increased uptake activity during the active period of synaptogenesis. Cortical synaptic vesicles (50/tg protein) were incubated at 30°C for 4 min, in the presence of [7-32p] ATP (2 raM) and potassium chloride (4 mM), using the standard assay medium with 50/~M unlabeled glutamate. Liberated p2P]phosphate was extracted and determined from equal volumes of the extract (I ml). The data represent the mean and standard deviations of triplicate determinations.
However, establishing this will require further studies using an assay for directly quantifying the translocator.
It is interesting to note that synapsin I, a phosphoprotein associated at high con-centrations with synaptic vesicles, is also increased dramatically in parallel with synaptogenesis [10] , although it is not involved in the vesicular glutamate transport [13] . Moreover, enzymes responsible for the formation of glutamate, such as glutamate dehydrogenase, aspartate aminotransferase, and alanine aminotransferase, have been shown to increase rapidly beginning the second week postnatal [19, 20, 22] . The high-affinity plasma membrane reuptake system develops also with a strikingly similar time course [17] . Finally, sodium-independent binding of glutamate (considered to be binding to transmitter receptor sites) has been shown to develop between days 5 and 50 [21] . Thus, presynaptic and postsynaptic functional elements involved in glutamate synaptic transmission develop in parallel with synaptogenesis. The pattern of increased ATP-dependent glutamate uptake observed during the active period of synaptogenesis suggests a functional role of the glutamate uptake system in the synapse. This is consistent with the hypothesis that sequestration of glutamate into synaptic vesicles is an important event in separating the role of glutamate as a neurotransmitter from its other roles in cell metabolism.
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